resting levels of a number of physiological and biochemical variables have been observed in response to prolonged exercise to the point of exhaustion. These include depletion of muscle ( 1, 2, 7, 9) and liver (7) glycogen, decreases in blood glucose levels (4, ZZ), dehydration (23), and increases in body temperature (3, 6, 7, 24 As in the study by Gollnick and King ( 7), rats were first trained to run before being exercised to exhaustion.
The reason for this is that adult untrained rats are quite reluctant to run on a treadmill, and it would be very difficult, if not impossible, to exercise untrained rats to the point of severe fatigue on the type of treadmill ( 19) used in our laboratory. The training program lasted 4 weeks. The animals were exercised 5 days/ week on a motor-driven treadmill set at an 8" incline. The duration and speed of the run were progressively increased until the animals were running for 1 hr/day at 31 m/min, with six intervals of running at 42 m/min, each lasting 30 set spaced 10 min apart through the exercise period. Animals were maintained at this work level until they were killed; this period varied from 6 to 12 weeks.
The trained animals were divided into two groups. One group was rested for 24 hr following their last training session before they were killed.
The second group was killed immediately following the run to exhaustion. The average final body weight of the rested animals was 351 & 10 g, and that of the exhausted group was 358 zt 8 g (SE) .
Protocol for run to exhaustion. For the first 60 min of the run to exhaustion, the rats performed their usual daily training run at 31 m/min, from 60 to 70 min they ran at 35 m/min; from 70 to 90 min they ran for alternate 5-min periods at 40 and 3 1 m/min; from 90 to 100 min for alternate Z-min periods at 45 and 3 1 m/min; from 100 to 110 min for alternate I-min periods at 50 and 31 m/min; from 110 to 120 min for alternate 1 -min periods at 55 and 3 1 m/min; from 120 min to the time the animal was exhausted for alternate I-min periods at 60 and 31 m/min. Exhaustion was defined as the point at which the animal would no longer right itself when taken off the treadmill and placed on its back. Rectal temperature was determined at this time.
Tissue preparation. Muscles were taken from the exhausted animals immediately following the run to exhaustion and from the rested trained animals 24 hr following their last I-hr training session. The animals were anesthetized with ether, and their leg muscles were rapidly exposed. The gastrocnemius-plantaris and rectus femoris muscles on the left side were frozen within 3 min after termination of exercise with Wollenberger tongs (28) cooled in liquid Ng. One lobe of the liver was frozen in liquid N2.
The rats were then exsanguinated.
The frozen tissues were used for measurements of glycogen and, in the case of the gastrocnemius-plantaris, also for ATP, creatine phosphate, and lactate.
The gastrocnemius-plantaris muscles from the right side were minced and used for separation of the cytoplasmic from the mitochondrial enzymes by a modification of the "fractional extraction" method of Pette (20) as previously described ( 18).
The quadriceps muscles from the right side were chopped _. into a fine mince and homogenized in 175 mM KC1 containing 2 mM EDTA as described previously ( 11). The homogenates contained 1 g muscle/20 ml. To isolate mitochondria, the homogenates were first centrifuged at 700 X g for 10 min. The 700 X g supernatant fluid was then centrifuged at 1,000 X g for 10 min. The 1,000 X g supernatant fluid was centrifuged at 14,000 X g for 15 min. The resulting mitochondrial pellet was suspended in 250 mM sucrose, 2 mM EDTA, pH 7.4. The frozen gastrocnemius-plantaris muscles were pulverized in a mortar cooled to liquid Nz temperature and extracted with perchloric acid (cf. 27). Approximately 1 g of the frozen powder was surrounded with 4 vol of frozen 4.2% HC104 in 40 % ethanol, and homogenized, as it gradually thawed in a Pyrex homogenizing tube, with a ground-glass pestle with cutting teeth on the bottom. The homogenate was diluted with 2.8% HC104 to give a final extract volume of about 8 ml/g 'wet muscle. Following centrifugation at 2,100 X g, the extract was decanted, neutralized with 3 N KOH containing 500 mM triethanolamine to approximately pH 7.5, and used for measurement of lactate, ATP, and creatine phosphate concentration. Assay methods. Oxygen uptake was measured in a Gilson differential respirometer, at 30 C, with air as the gas phase. Respiration in the presence of nonlimiting amounts of Pi and ADP, with pyruvate plus malate as substrate, was measured as described previously (11) for both the whole homogenates and the mitochondrial fraction of the quadriceps muscles. Respiratory control indices and P: 0 ratios were determined as described previously ( 11). Cytochrome oxidase activity was measured as described by Potter (2 1). Spectrophotometric assays were performed in a Gilford model 240 spectrophotometer, in l-ml cuvettes of 1 -cm light path at 30 C. Assays were performed under conditions in which the reaction rate was proportional to enzyme concentration.
Malate dehydrogenase activity was measured as described previously ( 12). When mitochondrial malate dehydrogenase activity was measured on whole homogenates, the cytoplasmic enzyme was first inactivated TERJUNG ET AL.
as described by Shonk and Boxer (25 Eight control and six exhausted animals were studied by electron microscopy.
RESULTS
The average duration of the run to exhaustion was 126 Q 7 min (mean rt SE). At this point the rectal temperature was 41.1 * 0.2 C.
Glycogen and lactate concentrations. As shown in Table 1 , the run to exhaustion resulted in an extreme degree of glycogen depletion (93 %) in the working muscles. Liver glycogen stores were also markedly depleted (Table  1 ). The concentrations of lactate in the gastrocnemius-plantaris muscles were not significantly different in the two groups, averaging 4.16 rt 0.78 pmoles/g wet wt in the rested and 4.00 rt 0.66 pmoles/g in the exhausted animals. The moderate elevation of lactate concentration in the muscles of the rested animals is attributable to the ether anesthesia ( 17 In the present study, this procedure resulted in the loss of only approximately 12-l 7 % of tM;o mitochondrial matrix marker enzymes, citrate synthase and malate dehydrogenase, from the mitochondrial fraction during the separation (Table  3) . As shown in Table 3 , the percentages of these mitochondrial matrix enzymes retained in the mitochondrial fraction of gastrocnemius-plantaris muscles of the exhausted animals were not significantly different from those found in either the rested, trained group, or in a sedentary (rested-untrained) group. The higher levels of these enzymes in the runners represent an adaptation to the training program ( 12). The matrix of the mitochondria was of similar density to that of controls, although in isolated mitochondria the cristae were focally separated to a minimal degree (Fig. 1) . Mitochondria from the center of individual muscle fibers had the same appearance as those located beneath the sarcolemma.
DISCUSSION

Gollnick
and King (7) have reported gross abnormalities in the appearance of the mitochondria in gastrocnemius muscles of rats that ran until they became exhausted; extensive mitochondrial swelling and, in many cases, marked degeneration of the cristae were seen in electron micrographs of muscles of the exhausted animals (7). These changes were similar to those that have been reported in the heart in response to ischemic injury (14), and it was speculated that hypoxia might have been a factor leading to the mitochondrial disruption seen in the exhausted animals (7). Within 24 hr after the run to exhaustion, Gollnick and King found that the mitochondria had regained their structural integrity (7). Mitochondrial swelling and destruction of mitochondrial cristae of the severity reported by these investigators would be expected to impair seriously the mitochondrial oxidation of pyruvate and decrease the capacity to generate ATP via oxidative phosphorylation ( 14), and thus play a major role in the development of muscular exhaustion.
The present study was undertaken to evaluate and quantitate, in biochemical terms, disruption of mitochonSwelling and disruption of muscle mitochondria might dria in muscles of rats produced by exercise to the point be expected to result in leakage of soluble enzymes of the of exhaustion.
The experimental design, with respect to mitochondrial matrix out of the mitochondria. This possithe training program and the run to exhaustion, was bility was tested by using the fractional extraction proessentially the same as that of Gollnick and King (7). As cedure of Pette (20) below resting levels as the rats progressed toward the point of exhaustion at the higher treadmill speeds. The finding that phosphocreatine and ATP levels in the gastrocnemius muscles of the exhausted animals had returned to normal resting levels within 3 min after cessation of exercise suggests that the muscles' capacity to regenerate ATP was not grossly impaired. Since our finding of normal mitochondrial function was incompatible with the degree of mitochondrial disruption found by Gollnick and King (7), it seemed important to reevaluate the effect of exhausting exercise on the appearance of muscle mitochondria.
The electron microscopic appearance of mitochondria was normal except for slight focal variation in spaces between cristae of some mitochondria.
Fixation with other buffers and fixatives resulted in unsatisfactory preservation of the exhausted rats' muscles. This finding attests to the sensitivity of this tisssue to various physical agents and procedures after removal from the animal. Hence the mitochondria which exhibited mild internal abnormalities in our phosphate-pyrophosphate buffered material may reflect artifacts of fixation rather than changes in architecture which were present in vivo.
Taken together, the results of the six different methods of evaluating mitochondrial integrity discussed above pro-
